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Abstract:

Keywords:

In barometric caves, air pressure gradients between the outside atmosphere and the cave
induce strong bidirectional compensating currents, which control almost all elements of
speleoclimatology, including air temperature, humidity, and CO2 dynamics. Therefore, this
study set out to investigate air pressure propagation through Wind Cave and Jewel Cave –
two major barometric cave systems in the Black Hills of South Dakota, USA. Based on highresolution air pressure data from both the surface and several measurement sites inside the
caves, four systematic changes of pressure waves during their journey through the caves and
their related speleoclimatological processes were identified and discussed: Compared to the
outside atmosphere, the pressure signals within Wind Cave and Jewel Cave showed (1) an
absolute displacement due to different altitudes of the measuring sites, (2) a delay related to
the travel times of the pressure wave to the measuring sites, (3) a smoothing effect, and (4)
a damping effect due to long response times of the caves to external pressure changes. The
spatial distribution of the changes observed in this study shows that for Wind Cave, the cave
opening and the narrow entrance area represent the main obstacle for pressure propagation,
while for Jewel Cave, the deep areas have the greatest influence on the development of air
pressure gradients. Our analyses provide completely new insights into the processes and
mechanisms inside barometric caves, which will significantly contribute to the understanding
of pressure-related airflow dynamics and all related elements of speleoclimatology.
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INTRODUCTION
Numerous studies agree on the central importance of
speleoclimatology as a critical component of the caves’
internal environment for flora, fauna, microorganisms,
karst processes, and hydrogeology (e.g., Tuttle &
Stevenson, 1977; De Freitas & Littlejohn, 1987;
Dublyansky & Dublyansky, 1998; Kłys & Wołoszyn,
2005; De Freitas, 2010; Mammola et al., 2015; Vieten et
al., 2016). Nevertheless, the microclimatology of caves
has long been a neglected aspect of both theoretical and
applied climate research (De Freitas et al., 1982; Ravbar
& Kosutnik, 2014). However, nowadays technological
progress in measurement techniques and power
supply allows not only qualitative local observations
and descriptions of cave climatology but also long-term
high-resolution quantitative measurements and their
analysis, thus providing completely new insights into the
processes and mechanisms involved.
*annika.gomell@rub.de

A thorough understanding of the driving factors
of underground airflow is fundamental for almost
all elements of speleoclimatology, including air
temperature, humidity, and CO2 dynamics (SánchezCañete et al., 2013; Breitenbach et al., 2015) as
well as for management and conservation purposes
(Fernández-Cortés et al., 2006; Russell & MacLean,
2008; Lario & Soler, 2010). In contrast to the majority
of caves, in which temperature gradients between
the outside atmosphere and the air inside the cave
drive convective compensating air currents (Moore &
Nicholas, 1964; Bögli, 1980), airflow in barometric
caves is induced by air pressure gradients between the
surface and the cave which result from atmospheric
pressure variations (Moore & Nicholas, 1964; Conn,
1966; Pflitsch et al., 2010).
In small to medium-sized cave systems or even in
larger cave systems with large or numerous openings,
atmospheric pressure fluctuations are transmitted
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directly into the cave. Consequently, no pressure
gradient can develop between the outside atmosphere
and the cave and no barometric currents are induced.
If, however, the cross-section of a cave opening is
very small compared to the cave volume behind, the
exchange of air between the outside atmosphere and
the inside of these caves is strongly limited. Thus, no
rapid pressure equalization can take place. Therefore,
pressure gradients between the outside atmosphere
and the cave develop, resulting in barometric
compensating currents. Figure 1 shows this process
in a schematic idealized barometric cave: Assuming
equal pressure between the outside atmosphere and
the air inside the cave, there are no compensating
currents between the two air masses (a). If, however,
regional pressure increases due to an approaching
anticyclone, a positive pressure gradient between the
outside atmosphere and the air inside the cave will
develop. Depending on the response time of the cave,
which is increasing with volume and decreasing with
the diameter of the opening, the pressures of the two
air masses cannot directly equalize, leading to relative
negative pressure inside the cave (b). This gradient
then induces compensating air currents directed into
the cave, which continue until the pressure conditions
reach equilibrium. If, on the other hand, atmospheric
pressure decreases again, relative underpressure of
the outside atmosphere will induce compensating
air currents directed out of the cave (c). This process

again continues until external and internal pressures
have equalized.
Pflitsch et al. (2010) provide a detailed summary
of the current state of knowledge on the origin and
characteristics of barometric airflow as well as its
consequences for speleoclimatology and a comparison
to convective airflow. Their fundamental research
forms the basis of this study. The basic principles
of barometric airflow also allow the calculation of
the caves’ volumes and the exploration of possible
connections between different cave systems (Conn,
1966; Ringeis et al., 2007; Pflitsch & Ringeis, 2009).
Until today, there have been no studies on pressure
propagation through barometric caves supported by
quantitative data from both the outside atmosphere
and the caves. Thus, this study set out to gain a better
understanding of pressure-related speleoclimatological
processes. High-resolution air pressure data inside
and outside Wind Cave and Jewel Cave - two major
barometric cave systems in the Black Hills of South
Dakota - are compared to identify both similarities and
systematic differences between air pressure signals of
the outside atmosphere and the caves. Based on these
findings, the involved speleoclimatological processes
affecting air pressure waves inside barometric
caves are explored with regard to cave morphology.
Furthermore, the hypothesis that the strength of the
changes depends on the distance to the cave opening
is tested.

Fig. 1. Schematic representation of an idealized barometric cave system for three different pressure and airflow situations:
a) equalized pressure between air inside the cave and outside atmosphere: no compensating airflow; b) relative atmospheric
overpressure: compensating airflow into the cave, and c) relative atmospheric underpressure: compensating airflow out of the cave.

STUDY SITES
Wind Cave and Jewel Cave are two large barometric
cave systems located in the Black Hills in South
Dakota and were discovered in 1881 and 1900,
respectively. Both caves are extremely complex
three-dimensional network mazes in Carboniferous
limestone and dolomite of the so-called Mississippian
Madison Formation - also known as Pahaspa limestone
(Bakalowicz et al., 1987; Palmer & Palmer, 1989).
Their formation took place in several stages over the
course of more than 300 million years, with significant
parts being formed in the phreatic zone after the uplift
of the Black Hills 40 - 60 million years ago (KellerLynn,
2009; Palmer, 2016; Palmer et al., 2016).
With a currently known length of 336.9 km and a
depth of 253.6 m, Jewel Cave is the third-longest cave
in the world (as of May 2021). The “Historic Entrance”
is located 1,614 m above sea level (43°43′46″N
103°49′46″W). Wind Cave, on the other hand, has a

known length of 248.2 km and a depth of 193.9 m (as
of May 2021), making it currently the seventh longest
cave in the world. Its “Natural Entrance” is located
1,244 m above sea level (43°33′23″N 103°28′43″W).
Despite the short distance between their openings
of only 50 km, Wind Cave and Jewel Cave display very
different characteristics: Wind Cave is an extremely
dense cave system with regard to passage volume
per rock volume. Its rather narrow passages are
comparatively irregular and rugged, with walls being
abundantly covered with boxwork (i.e., speleothems
with box-like structures formed by thin calcite
plates). Jewel Cave, in contrast, is characterized by
comparably wider passages and smoother cave walls,
partially covered with a 15-cm-thick layer of calcite
crystals - the eponymous Jewels (Palmer et al., 2016).
Since their discovery, both caves were known for
their strong bidirectional air currents. In the 1960s,
Conn (1966) identified those to be of barometric
origin.
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Table 1. Comparative pressure measurement time series conducted in Wind Cave and Jewel Cave between 2017 and 2020. The table is organized
in chronological order, sorted by investigated cave.
Cave

Locations

Wind Cave

Surface – Crossroads

Wind Cave

Surface – Lakes

Wind Cave

Surface – Elevator

Wind Cave

Surface – Crossroads

Wind Cave

Surface – Pearly Gates – Crossroads –
Lakes

Jewel Cave

Surface – Spooky Hollow

Jewel Cave

Surface – Deep Camp

Measurement period
08/11/2017 09:19:00 –
10/19/2017 04:43:00
12/16/2018 00:00:00 –
06/20/2019 10:49:20
07/08/2019 21:47:00 –
11/07/2019 15:31:40
09/23/2020 00:00:00 –
11/03/2020 00:00:00
10/16/2020 00:00:00 –
11/03/2020 00:00:00
12/18/2017 11:50:40 –
04/13/2018 08:26:40
11/03/2018 00:00:00 –
12/11/2018 05:19:40

Temporal
resolution

Number of
measurements

10 s

594505

20 s

805469

20 s

525915

20 s

177121

20 s

77761*

20 s

502669

20 s

165120

*Measurements for “Surface” and “Crossroads” are also included in the measurement above.

Fig. 2. Ground plans of a) Wind Cave and b) Jewel Cave showing the positions of all measurement locations
inside the caves.

MEASUREMENTS
An extensive long-term measurement program was
initiated in August 2017 to investigate the courses
of air pressure inside and outside the caves. Highresolution monitoring of air pressure was conducted
at four locations inside Wind Cave, two locations
inside Jewel Cave, and at the respective surface sites
using a Baro-Sensor (Drießen und Kern DK323/391;
measurement range 10 to 1300 hPa, resolution 0.1
hPa, accuracy ±1.5 hPa). Pressure data were recorded
simultaneously at 10 to 20 sec intervals between 2017
and 2020 as instantaneous values. All comparative
measurement series are summarized in Table 1. The
different durations of the measurement series are due
to moisture-related technical failures of the measuring
instruments.
The surface sensors were placed in the administrative
offices of Wind Cave National Park and Jewel Cave National
Monument, respectively. In increasing order according to

their distance from the cave opening, the positions inside
Wind Cave include Pearly Gates, Crossroads, Elevator,
and Lakes; those inside Jewel Cave include Spooky Hollow
and Deep Camp. The positions of all measurement sites
inside the caves are displayed in Figure 2.
A comparative analysis between office use times
during the day and nighttime hours showed no
influence of HVAC operation or other activities during
office use on surface air pressure measurements.

RESULTS AND DISCUSSION
Course of air pressure inside the cave compared
to atmospheric pressure variations
The high-resolution monitoring data allow
comparing surface and cave air pressure conditions.
In general, the courses of air pressure at the surfaces
and inside both Wind Cave and Jewel Cave are quite
similar as the surface atmospheric pressure waves
are transmitted into the caves through their openings
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(Fig. 3). Thus, correlation analysis based on Pearson’s
correlation coefficient of surface and cave air pressure
gives R values of 0.97106 (Pearly Gates) to 0.9895
(Crossroads) for Wind Cave and 0.84037 (Deep Camp)
to 0.99474 (Spooky Hollow) for Jewel Cave (Table 2).
Contrary to expectations, the study for Wind Cave
does not find a general decrease in correlation of the
surface and cave pressure signals with increasing

distance of the measurement points from the
cave entrance. Thus, the lowest correlation of all
simultaneous internal and external pressure signals
does not occur at the measuring site Lakes very deep
inside the cave, but at Pearly Gates, a site much
closer to the cave entrance (Fig. 2). Although the
highly complex three-dimensional maze structure of
Wind Cave prohibits a precise determination of the

Fig. 3. Simultaneous high-resolution air pressure measurements at the surface and various sites inside
Wind Cave and Jewel Cave. Note the different durations of the measurement periods.

distance of the measurement points from the cave
entrance, it is possible to rank the measuring points
according to their position. Correlation analysis based
on the position of the measuring sites inside the cave
yields a Spearman correlation coefficient of only
0.265, supporting the result that the position within
the cave is not a decisive factor for the correlation of
the internal and external pressure signals. For Jewel
Cave, however, a completely different picture emerges:
Here, the correlation at Deep Camp, located deep inside
the cave, is considerably lower than it is at Spooky
Hollow, located in the upper part of the cave (Fig. 2).
Despite the general high correlations and great similarities
between surface and cave air pressure signals, their
comparison also demonstrates four systematic differences,
which can be connected to speleoclimatological processes.
An in-depth analysis of the pressure data provides
interesting insights into processes acting on pressure
waves as they travel through Wind Cave and Jewel Cave.

Absolute air pressure difference
The most apparent difference between the air
pressure signals inside the caves and on the surface
is that in all measurement series, the air pressure
inside the cave is always higher than simultaneous
outside atmospheric pressure, where the absolute
difference seems to be approximately constant for
each measurement site (Fig. 3). Thus, for Wind Cave,
descriptive statistics (Table 2) show that the average
values of surface air pressure vary between 868.7 and
877.3 hPa, while inside the caves, they range from
872.8 to 890.8 hPa depending on the location. The
extreme values of the air pressure measurement series
behave very similarly: The minima of air pressure
within the caves lie between 863.5 and 880.5 hPa,
those on the surface between 854.3 and 865.8 hPa;
the maxima accordingly between 883.3 and 901.3 hPa
(cave) and 880.3 and 887.2 hPa (surface). A similar
pattern is observed for Jewel Cave, with all pressure
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Table 2. Basic descriptive statistics of air pressure monitoring data from Wind Cave and Jewel Cave. and the respective surface sites in the
observed period.
Locations
Surface –
Crossroads
Surface –
Lakes
Surface –
Elevator
Surface –
Crossroads
Surface –
Pearly Gates –
Crossroads –
Lakes
Surface –
Spooky Hollow
Surface –
Deep Camp

P mean
[hPa]

P Min
[hPa]

P Max
[hPa]

P Range
[hPa]

P IQR
[hPa]

P St. Dev.
[hPa]

P Variance
[hPa2]

874.4
882.3

858.5
867.5

885.9
893.0

27.4
25.5

6.2
6.0

5.1
5.0

26.0
24.7*

R = 0.990

871.6
887.4

854.3
871.3

886.1
901.3

31.8
30.0

7.4
7.0

5.6
5.4

31.4
29.0*

R = 0.981

873.8
882.7

856.5
866.1

887.1
894.5

30.6
28.4

5.9
5.7

4.8
4.6

23.1
21.0*

R = 0.980

876.2
882.4

860.1
867.5

888.0
893.9

27.9
26.4

7.3
7.0

5.5
5.2

30.5
27.1*

R = 0.979

877.3
883.0
883.4
890.8

865.8
872.8
873.1
880.5

887.2
892.2
892.6
900.0

21.4
19.4
19.5
19.5

7.8
7.2
7.2
7.4

5.2
4.8
4.8
4.9

26.8
23.4*
23.4*
24.0*

R = 0.971
R = 0.973
R = 0.971

825.4
843.2

809.7
828.6

840.3
857.2

30.6
28.6

7.3
6.6

5.3
4.8

28.0
23.4*

R = 0.995

829.8
849.1

815.2
839.4

842.0
857.6

26.8
18.2

8.3
7.0

6.0
4.5

36.3
19.8*

R = 0.840

Correlation R

*At 0.01 level, the variance of the surface measurement series is significantly larger than the variance of the cave measurement series (Null
Hypothesis: VarianceSurface/VarianceCave <= 1; Alternative Hypothesis: VarianceSurface/VarianceCave > 1).

values being at lower levels: Here, average values of
surface air pressure vary between 825.4 and 829.8
hPa, while inside the caves, they range from 843.2
to 849.1 hPa for Spooky Hollow and Deep Camp,
respectively. The minima of air pressure within the
caves lie between 828.6 and 839.4 hPa, those on the
surface between 809.7 and 815.2 hPa; the maxima
accordingly between 857.2 and 857.6 hPa (cave) and
840.3 and 842.0 hPa (surface).
While for each measurement location, the absolute
displacement of simultaneous air pressure between
the surface and the cave seems to be approximately
constant over the entire measurement period, it varies
considerably between locations. Inside Wind Cave,
the average absolute displacements of air pressure
range between 4.1 hPa for Pearly Gates and 15.8 hPa
for Lakes; inside Jewel Cave, they range between 17.7
hPa for Spooky Hollow and 19.3 hPa for Deep Camp.
These absolute differences in air pressure are
attributable to lower altitudes of the measuring
sites inside the caves compared to the respective
surface sites as air pressure decreases approximately
exponentially with increasing altitude (Halley, 1687).
Mathematically, this relationship can be described by
the barometric formula (e.g., Rühlmann, 1870; Roedel,
2000). Thus, the higher air pressure inside the caves
cannot be related to any cave-specific internal process
but is simply caused by the lower altitude of the cave
locations compared to the surface and therefore
does not provide any relevant information about the
behavior of pressure waves and their changes during
their propagation through the caves.
Delay
Besides the absolute displacement due to different
altitudes of the measurement locations, our data also
reveal a delay of the air pressure signal as the pressure
wave travels through the cave. Thus, the pressure
signals inside the caves lag the surface signals, and
both their minima and maxima are reached later

inside the caves than at the surface. Figures 4a and 4b
show the positions of the extreme values represented
by green lines and their distance from each other for
two exemplary sections of the measurement data.
For each studied location, the delay of the pressure
signal inside the cave Pcave compared to the pressure
signal at the surface Psurface seems to be approximately
constant and can therefore be determined using
cross-correlation analysis:
K lag  



P

surface

t  Pcave t  lag  dt



where the delay is defined as the value lag for which
the integral is maximal (i.e., the correlation between
the pressure signals Pcave and Psurface is highest).
To compare the thus calculated delays for the
different measurement sites, the longest data series
with a temporal resolution of 20 s is chosen for
each investigated location. A consistent resolution
is important in order to prevent the results of the
comparison from being influenced by the resolution.
As the delay can only be determined at (relative)
extreme values of the pressure waves, the longest
measurement series of each measurement location,
including the highest number of cyclones and
anticyclones, yields the highest possible significance
and validity of results.
As shown in Figure 4c, 4e, and Table 3, crosscorrelation analysis of air pressure measurement data
from Wind Cave revealed delays of 2:02:20 (Pearly
Gates) to 2:21:40 (Lakes). As expected, the delay of the
pressure signals increases with increasing distance of
the locations from the cave entrance (Fig. 5). Thus,
there is a perfect positive Spearman correlation of 1
between the ranked locations and the calculated travel
times of the pressure wave. However, considering the
large distances between the investigated sites inside
Wind Cave (Fig. 2), it is surprising how close the
calculated temporal displacements and thus travel
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times are. In regard to their large spatial distance, for
example, the displacement between Pearly Gates and
Lakes of only 19:20 minutes appears to be very small.
With consideration of the already discussed altitude
dependence of the pressure, it is possible to employ
the mean difference between external and internal
pressure in a simultaneous time period as a proxy
for the depth of a site and, therefore, quantitatively
analyze the relationship between depth and investigated
delay. Those analyses yield a strong linear correlation
between the mean difference of air pressure and the
delay (Pearson R = 0.987), as shown in Figure 4e. For
every 1 hPa increase in mean distance, the observed
delay increases by 1:55 minute. Similarly, in Jewel

Cave, the delay increases with increasing distance from
the cave entrance (Fig. 4d, f). Contrary to Wind Cave,
however, the differences in calculated delay between
the investigated locations here are very large. At
Spooky Hollow, cross-correlation analysis yields a
lag of 38:20 minutes between the surface and cave
pressure signal. At Deep Camp, however, a delay of
10:26:40 hours is found (Table 3). Thus, the temporal
shift of air pressure in the deep part of Jewel Cave is
on a completely different order of magnitude than
at all locations within Wind Cave. Once again, the
outstanding characteristics of Deep Camp already
observed in the correlations between internal and
external pressure are apparent.

Fig. 4. Top: Exemplary extracts of simultaneous measurement series from Crossroads, Wind
Cave (a) and Deep Camp, Jewel Camp (b) and their respective surface sites. The green lines
indicate the position of selected pressure extremes and thus their temporal shift: Within the
caves, both minimum and maximum points of the pressure signal are reached later than at
the surfaces. Middle: Results of cross-correlation analyses of simultaneous pressure series in
Wind Cave (c) and Jewel Cave (d) and their respective surface sites: The calculated lags of the
pressure signals at all investigated locations within Wind Cave (Pearly Gates, Crossroads, Elevator,
Lakes) are very close to each other with values between 02:02:20 and 02:21:39, while they vary
significantly throughout Jewel Cave with values of 00:38:20 at Spooky Hollow and 10:26:40 at
Deep Camp. Bottom: Calculated delay of the cave pressure signal compared to the surface
pressure signal as a function of the mean difference between surface and cave air pressure at the
respective measurement location used as a proxy for the distance to the cave entrance: Strong
linear relationship within Wind Cave (R = 0.987) at an average slope of 1:55 minute/hPa (e);
significantly higher slope of 6:07:08 h/hPa between Spooky Hollow and Deep Camp (f).

In Wind Cave, the entrance of the cave seems to be
the strongest obstacle slowing down the pressure wave.
Once the pressure wave has passed the small opening
and narrow entrance area, it propagates through the
cave quite fast, resulting in only small differences in
travel times between the investigated locations. Inside
Jewel Cave, however, the opening and entrance area

do not seem to slow down pressure wave propagation
significantly, as indicated by the rather small delay
at Spooky Hollow compared to the surface signal.
The large difference between the temporal delay at
Spooky Hollow and Deep Camp, however, indicates
that within Jewel Cave, it is not the opening that is
the most constraining factor on the pressure wave.
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Instead, the pressure wave is significantly slowed
down only inside the cave as it travels to the deep
parts. These observed differences in pressure wave
behavior between Wind Cave and Jewel Cave can be
attributed to different morphological characteristics of
the two caves: The greater density of passage volume
per rock volume in Wind Cave allows the pressure
wave to travel through the cave more easily while the
smaller density of passages inside Jewel Cave restricts
and decelerates pressure wave propagation.
The exceptionally long delay of the pressure signal
at Deep Camp inside Jewel Cave, which cannot be
observed at any location inside Wind Cave, also
corresponds to the results of Conn (1966), whose
measurements and analyses revealed a significantly
longer time lag between a peak of external air pressure
and the thus induced change of wind direction at
the opening of Jewel Cave compared to Wind Cave.
Moreover, these findings can also provide a convincing
explanation for the phenomenon described in Pflitsch
et al. (2010) that the periods of consistent airflow at
the opening of Jewel Cave are much longer than those
at Wind Cave.

Fig. 5. Spatial comparison of mean difference, delay, smoothing
factor, and damping factor as quantitative indices for the differences
between cave and surface pressure at all investigated locations within
Wind Cave in ascending distance from the entrance.

Smoothing
Air pressure signals inside Wind Cave and Jewel
Cave were also found to be smoothed compared to
signals at their surfaces. A comparison reveals that
large atmospheric pressure systems are transmitted
into the caves, whereas small pressure fluctuations
are lost in the cave signals. Highlighted by green
circles, Figures 6a and 6b show numerous small
fluctuations to occur in the surface signals, which
cannot be found in the cave signal. Large atmospheric
pressure systems, on the other hand, are transmitted
into the cave and can therefore also be detected in the
cave pressure signal.
Atmospheric surface pressure in the Black Hills,
where Wind Cave and Jewel Cave are located, is
mainly influenced by irregular alternating highand low-pressure systems (i.e., anticyclones and
cyclones), which move across the region in a westerly
direction. These large pressure systems, however, are

Fig. 6. Top and Middle: Exemplary extracts of simultaneous
measurement series from Crossroads, Wind Cave (a) and Deep
Camp, Jewel Camp (b) (red) and their respective surface sites
(grey). The green circles indicate corresponding sections of
the internal and external pressure signal: Low amplitude, highfrequency fluctuations (visible as small “spikes” of the grey lines)
are only observed in the surface pressure signal and are not
transmitted into the cave; larger atmospheric pressure systems
with a larger amplitude and lower frequency, however, can also
be observed inside the caves. Bottom: Variance of the deviation
of each air pressure signal smoothed with a running average of
one hour from the original signal as a measure of roughness of air
pressure: For all measurement series, air pressure signals inside
the caves are significantly smoothed compared to simultaneous
surface pressure signals. Inside Wind Cave, the roughness of air
pressure is very similar at all investigated locations; inside Jewel
Cave, the pressure signal at Deep Camp is much smoother than
at Spooky Hollow.

superimposed by numerous small fluctuations with
much smaller amplitudes and higher frequencies
generated by a variety of atmospheric phenomena,
including ocean wave interactions (Donn & Rind,
1972; Hupe et al., 2019; De Carlo et al., 2021),
thermally induced atmospheric gravity waves (Nappo,
2002), airflow turbulence (Sigmon et al., 1983, 1984;
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Clarke & Waddington, 1991; Hauf et al., 1996; Mohr
et al., 2016), and local winds blowing over or around
topographic features (Massman, 2005). If atmospheric
pressure waves are transmitted into and propagate
through the three-dimensional mazes of Wind Cave
and Jewel Cave, they do not only travel through large
halls and wide tunnels but also through a multitude
of narrow gaps and fissures. Especially in areas with
a large ratio of rock surface to air volume, strong

frictional losses at the rugged rock surfaces occur.
If the pressure waves continue to propagation
through the complex labyrinth of the cave, they
overlap in such a way that smaller atmospheric
pressure fluctuations partly cancel each other out
and the pressure signal appears smoothed. However,
this process of destructive interference alone cannot
explain the strong smoothing, which can be observed
near the entrance of Wind Cave.

Table 3. Quantitative indices of systematic differences between cave and surface pressure at studied sites within Wind Cave and Jewel Cave, each
in ascending distance from the entrance.
Correlation R

Mean difference
[hPa]

Delay [hh:mm:ss]

Smoothing factor
[hPa-2]

Damping factor

Wind Cave - Pearly Gates

0.971

5.7

Wind Cave - Crossroads

0.979

6.3

02:02:20

9.01

0.095

02:03:40

10.167

0.053

Wind Cave - Elevator

0.980

8.9

02:05:40

10.157

0.072

Wind Cave - Lakes

0.981

15.8

02:21:40

10.273

0.057

Jewel Cave - Spooky Hollow

0.995

17.7

00:38:20

4.951

0.066

Jewel Cave - Deep Camp

0.840

19.3

10:26:40

11.406

0.320

Locations

In order to describe this visual observation
quantitatively, the moving average of one hour is
calculated for each observed air pressure signal to
smooth the high-frequency components of air pressure
without smoothing the longer-term variations. The
variance of the deviation of the thus smoothed air
pressure signal from the original signal then provides
a measure of roughness below one hour. A large
variance indicates a rough signal, whereas a smooth
signal is characterized by a small variance.
The results of this quantitative analysis support the
impression already gained visually: at all investigated
locations, the roughness of the pressure signal inside
the caves is lower than during the same period at
the surface, indicating smoothing as the pressure
waves travel through Wind Cave and Jewel Cave.
Between the locations inside the caves, however, the
differences in roughness are relatively small. Figure
6c summarizes these results.
Based on the measure of roughness introduced
before, a smoothing factor can be calculated, which
indicates the strength of smoothing inside the caves:
Smoothing Factor 

1
 100
1hour
Var P t   PMA
t 

where P(t) is the original pressure signal and PM1hour
(t)
A
is the moving average of the pressure signal averaged
by 1 hour.
For spatial analysis, again the longest measurement
series of each investigated location with a temporal
resolution of 20 s is selected (Table 3). In contrast to
the previously analyzed absolute pressure difference
and the delay of the pressure signal, the strength
of the smoothing effect inside Wind Cave does not
depend on the distance to the cave opening. Thus,
all calculated smoothing factors are very similar,
and no clear spatial trend can be found (Fig. 5, Table 3).
Consequently, it can be concluded that the whole smoothing
process occurs at the entrance and the uppermost part of

Wind Cave above Pearly Gates. As soon as a “saturation
degree” of smoothing is reached, no further changes
in this respect can be observed. Inside Jewel Cave,
however, the air pressure signal at Deep Camp is much
smoother than at Spooky Hollow (Table 3), indicating
the strongest smoothing to occur in the deeper parts of
the cave between Spooky Hollow and Deep Camp.
Damping
The last systematic change between the surface and
cave pressure signals identified is a damping effect on
pressure waves inside the caves. Consequently, both
the extreme highs and lows of the surface pressure
signals are attenuated inside the caves resulting in a
lower air pressure range.
Figure 7a clearly demonstrates that the pressure
difference between two successive extreme values
is significantly smaller inside the caves than at
the surface. This observation is also supported by
the corresponding boxplots (Fig. 7c), indicating a
decreased range of pressure inside the cave compared
to the surface for all investigated locations. As shown
in Figure 7b and 7d, this effect becomes particularly
clear if the absolute difference caused by altitude
differences is removed from the data and measured
absolute air pressure Pabs is converted into relative
air pressure Prel by subtracting the mean of each time
series from its individual values:
Prel = Pabs – mean(Pabs)
This process shifts the mean of each measurement
series to 0, while the measures of statistical dispersion
(i.e., interquartile range IQR, range, standard deviation,
variance) are not affected.
The excerpt of the pressure measurements at the
surface and at Lakes presented in Figure 7b shows
that in both directions, the extreme values of the
atmospheric pressure are never reached inside the
cave. Simply put, inside the cave, the highs are lower,
and the lows are higher.
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The observed damping of air pressure inside Wind
Cave and Jewel Cave is caused by the relatively
long response time of the two cave systems
compared to the time scale of external atmospheric
pressure changes. As introduced by Conn (1966),
the behavior of air pressure inside barometric
caves can be described by a simple “balloon”
model: A void (balloon) with volume V is connected
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to a driving force (i.e., air pressure variations in the
external atmosphere) via a conduit (i.e., the small
opening and narrow entrance area of the cave) with
a characteristic length, diameter and roughness
containing turbulent airflow and providing aeraulic
resistance. According to this model, the response
time of a cave increases with increasing volume and
increasing air resistance.

Fig. 7. Top: Exemplary extract of simultaneous measurement series of (a) absolute air pressure from Deep Camp, Jewel Cave and (b) relative
air pressure from Lakes, Wind Cave (red), and the respective surface sites (grey). The horizontal green lines show the position of two successive
extreme values of internal and external pressure; the vertical arrows indicate their distance. Inside the caves, the amplitudes of the pressure
signals are smaller compared to the surface signals. Bottom: Boxplot diagrams of absolute (c) and relative (d) air pressure; identical color shades
indicate simultaneous measurements. For all measurement series, both the IQR and the total range of air pressure inside Wind Cave and Jewel
Cave are smaller than on the respective surface sites indicating dampening of air pressure inside the caves.

If surface air pressure increases, compensating
airflow into the cave is induced, causing a delayed
increase in air pressure within the cave. However,
before cave air pressure reaches the maximum of
surface air pressure, surface pressure has started
to fall again, causing a reversal of airflow direction
and, therefore, a drop of air pressure inside the cave.
Due to the constant alternation of cyclones and
anticyclones in the outside atmosphere, the driving
surface air pressure is changing faster than the cave
pressure can equilibrate, leading to smaller internal
pressure amplitudes.
Both the described smoothing and damping of the
external air pressure signal in the cave are based on the
same physical process acting on different time scales:
Smoothing is the damping of the high-frequency
component of the driving surface air pressure signal
(small-scale variations), whereas damping is the

damping of the low-frequency component of the
driving surface pressure signal (alternating large-scale
pressure systems). In accordance with Conn’s (1966)
balloon model, the cave behaves as a low-pass filter
on the air pressure signals: High-frequency signals
will be filtered out and therefore smoothed, whereas
low-frequency signals will pass through into the cave.
The cut-off frequency depends on the timescale over
which the cave can equilibrate to external air pressure
changes. Variations occurring over timescales
shorter than this equilibration time will be filtered;
variations occurring over timescales longer than
the equilibration time will pass through. Therefore,
the decisive factor is the dimensionless ratio of cave
pressure response time to the timescale of variation
in external atmospheric air pressure. This concept of
a low-pass filter even applies to highly complex cave
systems like Jewel Cave and Wind Cave, which can be
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described as a three-dimensional series of voids and
conduits. It can explain both the observed smoothing
and damping of the internal pressure signals.
Based on the quotient of the internal and external
pressure ranges, a damping factor can be determined
to compare the degree of damping at different
locations:

Damping Factor = 1 −

Rangecave
Range surface

Comparing the damping factors thus determined
for the measurement locations inside Wind Cave, no
correlation between the position and the degree of
damping can be found (Table 3, Fig. 5). Surprisingly,
the strongest damping does not occur at the deepest
location inside the cave (Lakes), but at Pearly Gates
in the upper part of the cave. Thus, it appears that
the distance traveled by the pressure wave is not the
decisive factor, but rather local characteristics, which
influence the degree of damping.
Deep Camp inside Jewel Cave again differs greatly
from all other investigated locations as it exhibits an
extremely high damping factor (Table 3). Once again,
the exceptional character of Deep Camp in terms of
air pressure becomes apparent.
Together, the described smoothing and damping
processes also affect the descriptive statistics and lead
to a significant reduction of the standard deviation
and variance inside the caves compared to the outside
atmosphere (Table 2).

CONCLUSIONS
This study presents the first attempt to describe
the behavior of air pressure waves inside barometric
caves and to identify and discuss the related
speleoclimatological
processes.
Compared
to
simultaneous measurements at the surface, air
pressure at all investigated locations inside the
caves was found to be (1) absolutely displaced due
to lower altitudes inside the caves, (2) delayed due to
a deceleration of the pressure wave at the entrances
and at constrictions within the caves, (3) smoothed,
and (4) damped due to long cave pressure response
times relative to the timescale of atmospheric pressure
variations.
Surprisingly, inside Wind Cave, the distance of
the investigated sites from the surface did not affect
the strength of the identified speleological processes
and thus induced changes of the pressure signal as
strongly as previously assumed. Instead, the small
opening and the entrance area of the cave provide
the strongest obstacles at which pressure waves
are delayed, smoothed, and damped. In Jewel Cave,
by contrast, a large majority of these changes to air
pressure signals occur the deeper parts of the cave,
where a series of constrictions causes a highly damped
and lagged signal.
It is only through the speleoclimatological processes
identified and described in this study that pressure
gradients between the inside of barometric caves
and the outside atmosphere can develop, which
then induce the characteristic compensating

currents. Considering the fundamental importance
of underground airflow resulting from these pressure
gradients for almost all elements of speleoclimatology,
including air temperature, humidity, and CO2
dynamics, as well as for management and conservation
purposes, this study lays the groundwork for an
improved understanding of numerous aspects of
climate systems inside barometric caves.
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